Summary.-The derivation of the median volume (MV) and the geometric standard deviation (SDg) for a suspension of tumour cells quantifies the size and distribution of tumour cell aggregates in the suspension. Data collected in a group of 14 experiments showed a significant correlation of 0-80 (P<0-001) between the number of lung tumours formed by a suspension of B16 melanoma cells injected i.v. into C57BL/6J mice and the product of the MV and SDg of each cell suspension. These data define a size parameter of tumour cell suspensions that correlates with the intravascular survival properties of tumour cells.
THE formation of metastatic tumours in the lungs by blood-borne tumour cells can be studied using i.v. injected tumour cells. However, the elucidation of the roles of single tumour cells and cell aggregates in the formation of lung tumours has been hampered by the limitations of the existing methodologies for characterizing tumour cell suspensions. Experimental approaches which have been used to investigate this problem have necessitated the fractionation of tumour cell suspensions (Watanabe, 1954; Fidler, 1973; Thompson, 1974; Ljiotta, Kleinerman and Saidel, 1976) , treatment with lectins (Ryd and Hagmar, 1977) or centrifugation (flagmar and Norrby, 1973; Ryd and Hagmar, 1977) and count tumour foci within the lung tissue as well as the more obvious superficial melanoma foci. To control for observer bias, all samples were randomly assigned a code number before lung tumours were counted. Repeated counts of lung tumours in selected samples showed the reproducibility in this counting system to be ±6%.
Melanotic lung tumours were counted in the largest lobe of mouse lungs, the right dorsal lobe (labelled here "Lobe 5"). The correlation between the total number of lung tumours and the number of lung tumours in Lobe 5 was 0-96 (P<0 001).
Calculating the median volume and geometric standard deviation.-The median volume and geometric standard deviation of each tumour cell suspension were calculated graphically 17 (Kottler, 1950a, b; Smith and Jordan, 1964) using the frequency distribution data collected on a Coulter Channelyzer. Cumulative areas were measured with a Keuffel and Esser planimeter, Model 620005.
Statistical analysis.-The arithmetic mean (M) and the standard error of the mean (s.e.) were calculated for all data. Correlation coefficients were calculated using the assumption that the distribution of values analysed is a two-variable normal distribution (Dixon and Massey, 1969) . To conclude whether a correlation coefficient (r) was significant, the probability that the value of r is different from zero was determined using the t statistic (Fisher, 1970) . A P value less than 0 05 was assumed to demonstrate statistical significance.
RESULTS
Fig . 1 shows the size distribution of all particles in one of the 14 tumour cell inocula studied. The peak of the curve indicates that the most common-sized particle in this cell suspension, the single B 16 melanoma cell, had a volume of 1 41 x 103 ,m3. The distribution of tumour cell aggregates present in the inoculum included aggregates larger than 4 times the volume of individual tumour cells.
The dotted line in Fig. 1 is an extrapolation of the major peak in the frequency distribution curve to zero. This extrapolation was made to eliminate the contribution of small cell debris and electronic noise from the area under the curve. Using the method described by Smith and Jordan (1964) and Kottler (1950a, b) , the modified curve in Fig. 1 was converted to a linear form to facilitate further analysis of the data. The line shown in Fig. 2 was fitted to the points visually, with bias placed on a best fit with the points around the 50% region on the graph.
The volume of the 50% point-in this case 1-82 x 103 ,um3-is the median volume (MV) of the tumour cell suspension. This median volume represents the size of the particle which falls in the middle of the distribution shown in Fig. 1 Liotta et al. (1976) , Thompson (1974) and Fidler (1973) have all demonstrated the importance of cell aggregates in the formation of lung tumours by i.v. injected tumour cells. However, each of these studies compared lung tumour formation by one or more cell suspensions that were experimentally enriched in either single cells or aggregated cells. As pointed out by Ryd and Hagmar (1977) , when the formation of lung tumours by two or more cell suspensions is compared, controlling for cell number injected is difficult yet essential. It is unclear how Thompson (1974) determined the total number of cells or cell aggregates when he compared lung tumour formation by large and small tumour cell aggregates. Although Thompson's data indicate that cell suspensions containing larger aggregates have a substantially higher colony-forming efficiency than suspensions of smaller aggregates, the injected number of large aggregates was nearly twice as large as the number of small aggregates in the reported data. Liotta et al. (1976) reported that neither single cells nor clumped cells produced more than 3 lung tumours per mouse, whether 0 5 or 1 x 103 tumour cells were injected. Fidler (1973) injected 10,000-12,000 clumped cells and 50,000 single cells into two groups of mice, in order to compare the number of lung tumours formed by each cell suspension. The mice that received the clumped cells developed more tumours. Ryd and Hagmar (1977) and Hagmar and Norrby (1973) reported no major differences in metastasisyielding capacity between dispersed and aggregated cell suspensions. This observation may indicate that the use of lung weights and host survival time is not sensitive enough to quantitate the intravascular survival of tumour cells (Mellgren, 1976; Hagmar and Norrby, 1973; Ryd and Hagmar, 1977) .
Based on the lung tumour formation of 14 characterized cell suspensions, the data reported here demonstrate that the number of lung tumours formed by the injection of 105 B16 melanoma cell units (single cells plus aggregates) correlates significantly with the median volume and the product MV x SDg of the tumour cell suspensions.
The volumes of single cells and cell aggregates in the tumour cell suspensions studied here are log-normally distributed. The existence of a log-normal distribution is demonstrated graphically by the linear transformation that occurs when frequency distribution data are plotted on logarithmic probability axes (Smith and Jordan, 1964) . As discussed in Kottler's monographs (1950a, b) , the median volume and SDg are two quantitative terms that characterize a log-normal population.
The use of the median volume and SDg to characterize tumour cell suspensions not only introduces a new quantitative element into experimental work with i.v. injected tumour cells, but also provides a direct means of investigating the role of aggregated tumour cells in the formation of lung tumours. The extent of aggregation in a tumour cell suspension is reflected by the values of the median volume and SDg. The value of SDg is derived from the slope of the log-normal plot of frequency distribution data. As scatter around the median volume of a cell suspension increases, the value of SDg increases. Since the distribution of particle volumes is not continuous on both sides of the median volume on a log-normal distribution (Kottler 1 950a, b) , a large value for SDg indicates the presence of more large aggregates in the cell suspension.
The product MV x SDg for each tumour cell suspension yields a single term which incorporates both the size and the distribution characteristics of each cell suspension. The median volumes of 14 cell suspensions and the numbers of lung tumours formed by those cell suspensions correlate significantly (r = 062, P<001). The product MV x SDg for the cell suspensions and the number of lung tumours formed have a larger positive correlation, equal to 0O80 (P<0-001). The positive correlations between these terms and lung tumour formation indicate that tumour cell suspensions with larger fractions of aggregated cells produce more lung tumours.
Aggregates of tumour cells could break up into smaller units during or after i.v. injection. Thus it may be suggested that the number of lung tumours formed when more aggregates were present in a cell suspension actually resulted from the injection of a larger number of tumour cells which formed from aggregates of cells. However, if cell aggregates did break up into smaller tumour cell units when injected, the relationship between MV x SDg and the number of lung tumours formed would have an exponential form when plotted graphically. Our analysis has shown that the data in Fig. 3 corresponds best with a linear relationship between MV x SDg and the number of lung tumours formed. Thus, we believe that cell aggregates are stable after i.v.
injection.
Several factors may explain why aggregates of tumour cells survive better than single tumour cells in the blood stream. A group of tumour cells may establish a microenvironment which fosters tumour cell replication. Also, an aggregate of tumour cells cannot be eliminated by host reticuloendothelial defences as easily as a single cell. The surface properties of tumour cells that cause them to cohere while in suspension may also be involved in their adhesion to specific sites on the endothelial lining of blood vessels. The adhesion of tumour cell aggregates to select sites may also favour the growth and extension of intravascular tumour cells. In future work, the study of the plasma membrane properties of cell aggregates may reveal some of the critical factors that take part in the intravascular adhesion and survival of tumour cell aggregates.
Future work with tumour cell suspensions that have been quantitatively characterized may also prove useful for identifying therapeutic agents that can inhibit the survival of intravascular cell aggregates that form metastatic tumours in the lungs.
